INTRODUCTION
============

CLC-2 is a double-pore homodimeric CLC chloride (Cl^−^) channel widely expressed in mammalian tissues ([@bib42]). CLC-2 regulates neuronal activity by providing background Cl^−^ permeability ([@bib35]) and is required for colonic electroneutral absorption of NaCl and KCl ([@bib6]). Malfunctioning CLC-2 channels can result in leukoencephalopathy ([@bib4]), and their ablation in mice severely degenerates the retina and testes ([@bib5]; [@bib28]). CLC-2 channels open when the voltage (V~m~) acts on protopore and common gates that display fast and slow kinetics, respectively. The protopore gate is formed by the negatively charged carboxyl side chain (-CH~2~-CH~2~-COO^−^) of a glutamate (Glu) residue located within the permeation pathway near the outside entry ([@bib12]). The atomic structure of the CLC Cl^−^/H^+^ exchanger ([@bib12], [@bib13]) suggests that the pore of a CLC Cl^−^ channel is curvilinear with two narrow constrictions (\<1 Å) surrounding the protopore gate. The pore radius is ∼2 Å. Although the high energy barrier of this structure precludes Cl^−^ permeation ([@bib26]), the physical dimensions ensure that the gate interacts both electrostatically and sterically with negatively charged permeant species during the permeation process. Such interactions might regulate gating ([@bib34]; [@bib33]; [@bib9]; [@bib36]; [@bib39]; [@bib30]). In addition, V~m~ gating in CLC proteins could be regulated by protonation, either by extracellular or intracellular H^+^ ([@bib19]; [@bib8]; [@bib1]; [@bib43]; [@bib29]; [@bib40]). Thus, both Cl^−^ and H^+^ ions regulate V~m~-dependent gating in CLC channels lacking intrinsic V~m~ sensors. Understanding how these ions contribute to the V~m~ gating mechanism will shed light onto the CLC channels' physiology ([@bib25]; [@bib40]; [@bib17]).

The opening probability of CLC-2 increases as the membrane potential becomes hyperpolarized ([@bib10]). This V~m~ dependence is not governed by the movement of voltage-sensitive domains; instead, the increased V~m~ coerces the intracellular Cl^−^ ions into binding sites within the pore. Anions then move through the pore until they reach the protopore gate. We postulate that the gate is then opened by outgoing anions, which undergo an obligate Coulombic repulsive interaction with the gate ([@bib39], [@bib40]). We predict that pore occupancy by anions provides sufficient electrostatic repulsion for CLC-2 gate opening. This hypothesis agrees with recent observations showing that the glutamate gate is protonated only when Cl^−^ binds to the permeation pathway of the CLC Cl^−^/H^+^ exchanger ([@bib32]). Alternatively, V~m~-dependent protonation of the protopore gate by extracellular H^+^ might weaken the interaction between the gate and its binding site, facilitating opening ([@bib29]). This alternative mechanism requires that the CLC-2 protopore gate is located within the electrical field, as proposed for the CLC Cl^−^/H^+^ exchanger ([@bib14]). Moreover, the V~m~ would need to open the gate at physiological proton concentrations, even when anions are absent from the pore. Therefore, we questioned whether V~m~ could gate CLC-2 channels: (a) in the presence of poorly permeant anions in the cytosolic side and (b) under low protonation probability conditions.

To answer these questions, we calculated the permeabilities of foreign anions and assessed whether CLC-2 could be activated in the presence of poorly permeant anions in the intracellular side. Among six ions with low permeability ratios (F^−^, glutamate, gluconate, methanesulfonate, acetate, and sulfate), cystolic-side F^−^, glutamate, gluconate, and methanesulfonate allowed activation of CLC-2 by hyperpolarization. We also found that CLC-2 could activate under conditions that disfavor protonation.

MATERIALS AND METHODS
=====================

Cell culture, transient expression, and electrophysiological recordings
-----------------------------------------------------------------------

Experiments were conducted on cultured HEK-293 cells transfected with mouse CLC-2 or mouse H538F CLC-2 cDNAs. Whole-cell Cl^−^ currents (I~Cl~(t)) were recorded as described previously ([@bib10]; [@bib39], [@bib40]). I~Cl~(t) was recorded using a control external solution containing (mM): 139 TEA-Cl, 0.5 CaCl~2~, 20 HEPES, and 100 [d]{.smallcaps}-mannitol. The internal solution contained (mM): 140 TEA-Cl, 20 HEPES, and 20 EGTA. The pH of each solution was adjusted to 7.3 with TEA-OH. In these solutions, HEPES was replaced with 20 mM MES or 20 mM CAPS when the pH of external solutions was adjusted to 5.5 (6.5) or 10, respectively. As an alternative internal solution, we also prepared a mixture of 25% SCN^−^ and 75% Cl^−^ containing (mM): 35 TEA-SCN, 105 TEACl, and 20 EGTA. The pH of this solution was adjusted to 10 by adding 30 mM CAPS. External and internal solutions with different foreign anions were prepared by substituting TEACl with the desired TEA-salt. The average tonicities of the external and internal solutions were 387.9 mosm/kg ± 1.9 mosm/kg and 347.3 mosm/kg ± 2.6 mosm/kg, respectively.

*Xenopus laevis* oocytes were isolated by partial ovariectomy of frogs anaesthetized with 0.1% (wt/vol) tricaine (3-aminobenzoic acid ethyl ester), as described previously ([@bib7]). The surgery protocol complied with the Guide for Care and Use of Laboratory Animals (National Academy of Sciences, 1996). cRNA from rat CLC-2-Δ13-36 (provided by M. Pusch, Istituto di Biofisica, CNR, Genova, Italy) was obtained by in vitro transcription and injected (60--125 ng) into *Xenopus* oocytes. The cells were used 1--3 d after cRNA injection. Inside-out macropatches were excised by a patch pipette filled with a solution of (mM) 140 TEA-Cl, 40 glycine, and 5 MgCl~2~ (the MgCl~2~ was omitted in some excisions). The pH was adjusted to 10 with TEAOH. Because intracellular pH does not affect CLC-2 activation ([@bib40]), the pH of each internal solution was set to 7.3 for enhanced patch stability. The cytosolic side of each excised patch was exposed to internal solutions of different \[Cl^−^\] (16--500 mM TEA-Cl) in 20 mM EGTA and 20 mM HEPES. The pH was adjusted to 7.3 with TEAOH.

To record the macroscopic currents from HEK cells and excised macropatches, the cell or patch was maintained at 0 mV, and V~m~ was changed from 60 or 40 mV to −200 mV in 20-mV steps, and then restored to 60 mV unless otherwise indicated. All of the experiments were performed at ambient temperature (21--23°C). When investigating CLC-2 activation in the presence of internal Glu, acetate, SO~4~^2−^, or methanesulfonate (MeSO~3~^−^), the leak and capacitive currents were subtracted online by a P/8 procedure ([@bib3]). In this case, the protocol P for generating whole-cell currents consisted of 40-ms hyperpolarizations followed by a 30-ms repolarization to 80 mV. The leak and capacitative currents were generated by a P/8 protocol of opposite polarity. The currents were collected by a pClamp 10 (Molecular Devices) and a sampling card that could record up to 500 kHz. Alternatively, the currents were sampled using a pClamp V8. To avoid electrode polarization in internal solutions lacking Cl^−^, the patch-clamp electrode inside the holder was embedded in a 3-M KCl/3% agar jacket ([@bib41]). The membrane and reversal potentials were corrected offline by the experimentally measured liquid junction potentials ([@bib27]).

Analysis
--------

The V~m~-dependent activation was determined from normalized conductance G~norm~ versus V~m~ curves (G~norm~(V~m~)) as follows: the conductance (G) at each V~m~ was calculated from the whole-cell current magnitudes (I~Cl~(t)) as G = I~Cl~/(V~m~ − V~r~), where V~r~ is the reversal potential. The maximum conductance (G~max~) was then estimated by fitting the G versus V~m~ curves to the Boltzmann equation:$$\frac{\text{G}}{\text{G}_{\text{max}}} = \frac{1}{1 + \text{e}^{- \frac{\text{zF}}{\text{RT}}{({\text{Vm} - \text{V}_{0.5}})}}},$$where z is the apparent charge, F is the Faraday constant, R is the gas constant, T is the temperature, and V~0.5~ is the V~m~ at which G~norm~ = 1/2. The constructed G~norm~(V~m~) curves directly reflect the V~m~ dependence of the apparent open probability (P~A~).

Instantaneous current--voltage plots were constructed from the magnitudes of the tail currents (I~tail~) recorded at different V~m~s. Fitting these plots to linear functions, we obtained the reversal potentials (V~r~) under different ionic conditions. In turn, the V~r~s were used to calculate the permeability ratio of each anion X relative to Cl^−^ (i.e., P~X~/P~Cl~). When the external Cl^−^ was replaced by foreign anions, P~X~/P~Cl~ was calculated by [Eq. 2](#fd2){ref-type="disp-formula"}, in which ΔV~r~ is the reversal potential shift (ΔV~r~) induced by the anion X:$$\frac{\text{P}_{\text{X}}}{\text{P}_{\text{Cl}}} = \frac{\left\lbrack \text{Cl}^{-} \right\rbrack_{\text{i}}\text{exp}^{- \frac{\Delta\text{V}_{\text{r}}\text{F}}{\text{RT}}} - \left\lbrack \text{Cl}^{-} \right\rbrack_{\text{e}}}{\left\lbrack \text{X}^{-} \right\rbrack_{\text{e}}}.$$Alternatively, when intracellular Cl^−^ was replaced by foreign anions, the permeability ratios were calculated as$$\frac{\text{P}_{\text{X}}}{\text{P}_{\text{Cl}}} = \frac{\left\lbrack \text{Cl}^{-} \right\rbrack_{\text{e}}\text{exp}^{\frac{\text{V}_{\text{r}}\text{F}}{\text{RT}}} - \left\lbrack \text{Cl}^{-} \right\rbrack_{\text{i}}}{\left\lbrack \text{X}^{-} \right\rbrack_{\text{i}}}.$$

The figures and curve fittings were generated by Origin (OriginLab). The experimental data were plotted as the mean ± SEM of the number of independent experiments (*n*). The dashed black lines in each figure indicate I~Cl~(t) = 0. Where necessary, the significant differences between datasets were evaluated by the paired Student's *t* test (with significance defined at the P \< 0.05 level).

RESULTS
=======

Intracellular permeant anions facilitate voltage gating
-------------------------------------------------------

To investigate the contributions of intracellular and extracellular anions to CLC-2 gating, we analyzed the V~m~-dependent activation and permeability ratios of several anions. The I~Cl~(t) values of HEK-293 cells expressing WT mouse CLC-2 were measured by conventional whole-cell voltage clamp in external solutions containing Cl^−^, SCN^−^, Br^−^, I^−^, F^−^, acetate, glutamate (Glu), gluconate, methanesulfonate, or sulfate (SO~4~^2−^). The cells were first exposed to an external control solution containing 140 mM Cl^−^ on both sides of the membrane. All of the external Cl^−^ was then replaced by a test anion X^−^. Alternatively, anions were introduced to the intracellular side at 100% (Cl^−^, SCN^−^, I^−^, and Br^−^) or 75% (acetate, F^−^, Glu, gluconate, methanesulfonate, and SO~4~^2−^). [Fig. 1](#fig1){ref-type="fig"} plots the measured whole-cell I~Cl~(t) (left) and I~tail~(t) (right) in the presence of external Cl^−^ ([Fig. 1 A](#fig1){ref-type="fig"}), external SCN^−^ ([Fig. 1 B](#fig1){ref-type="fig"}), and internal Br^−^ ([Fig. 1 C](#fig1){ref-type="fig"}). In the presence of external Cl^−^, the current exhibits the characteristic kinetics of hyperpolarization-activated CLC-2 ([@bib10]). The I~tail~ current reverted at −5.4 ± 0.9 mV (*n* = 28). After replacing all of the external Cl^−^ with SCN^−^, the onset of I~Cl~(t) and I~tail~ displayed normal kinetics, and ΔV~r~ was −11.4 ± 3.6 mV (*n* = 5). When all of the intracellular Cl^−^ was replaced by Br^−^, V~r~ shifted to 0.5 ± 2.0 mV (*n* = 12). Subsequently, the ΔV~r~ value after substitution of external Cl^−^ by another anion and the V~r~ values obtained with different intracellular anions were inserted to [Eqs. 2](#fd2){ref-type="disp-formula"} and [3](#fd3){ref-type="disp-formula"} to calculate the permeability ratios (P~X~/P~Cl~). The results are listed in [Table 1](#tbl1){ref-type="table"}. The permeability ratios yielded the following selectivity sequence of extracellular anions: SCN^−^ \> Cl^−^ \> Br^−^ \> I^−^ \> methanesulfonate = gluconate ≥ acetate = Glu = F^−^ = SO~4~^2−^. The selectivity sequence of intracellular ions was almost identical (although the permeability ratio of I^−^ changed); namely, SCN^−^ \> Br^−^ = Cl^−^ \> I^−^ \> methanesulfonate = gluconate = acetate = Glu = F^−^ ≥ SO~4~^2−^. Based on their permeability ratios, the anions were divided into two groups: highly permeant (SCN^−^, Br^−^, Cl^−^, and I^−^) and poorly permeant (acetate, methanesulfonate, gluconate, Glu, F^−^, and SO~4~^2−^). To determine how each anion affects the V~m~ dependence of the activation, we calculated the normalized conductance G~norm~ = G/G~max~ (an index of the apparent open probability) at each V~m~. [Fig. 1 D](#fig1){ref-type="fig"} plots G~norm~(V~m~) for the extracellular permeant anions Cl^−^, SCN^−^, Br^−^, and I^−^. Relative to the Cl^−^ activation curve, the V~m~ dependences in the presence of SCN^−^ and I^−^ are shifted toward negative voltages, whereas no effects caused by Br^−^ are apparent. Previously, we reported that intracellular Cl^−^ is crucial for gating ([@bib39]). Thus, we constructed the activation curves when highly permeant anions were present on the intracellular side ([Fig. 1 E](#fig1){ref-type="fig"}). Intracellular SCN^−^ induced a positive shift in the activation curve relative to the Cl^−^ curve. In contrast, I^−^ shifted the activation curve in the negative direction, whereas Br^−^ again induced no effect. Each curve in D and E of [Fig. 1](#fig1){ref-type="fig"} was fitted to the Boltzmann equation ([Eq. 1](#fd1){ref-type="disp-formula"}; black and reddish purple lines in [Fig. 1](#fig1){ref-type="fig"}). From these fits, we obtained the V~m~ values at which the activation is one half of its maximum (V~0.5~) and the apparent charge times the electrical distance (z × δ). [Fig. 1 F](#fig1){ref-type="fig"} plots V~0.5~ as a function of P~X~/P~Cl~ for permeant anions on the extracellular (closed circles) and intracellular (open circles) sides of the membrane. Whereas the V~0.5~ values of Cl^−^, Br^−^, and I^−^ on the two sides of the membrane do not significantly vary, the V~0.5~ of SCN^−^ is significantly shifted from approximately −60 mV on the intracellular side to approximately −112 mV on the extracellular side. The V~0.5~ values of highly permeant intracellular anions are linear functions of their permeability ratios, indicating that highly permeable anions facilitate voltage gating.

![Asymmetric regulation of CLC-2 voltage-dependent activation by permeant anions. (A--C) Examples of whole-cell I~Cl~(t) (left) and I~tail~(t) (right) recorded in the presence of \[Cl^−^\]~i~ = \[Cl^−^\]~e~ = 140 mM (A), \[Cl^−^\]~i~ = \[SCN^−^\]~e~ = 140 mM (B), and \[Br^−^\]~i~ = \[Cl^−^\]~e~ = 140 mM (C). pH~e~ = pH~i~ 7.3. Cells were held at 0 mV. I~Cl~(t) was recorded between −200 and 40 mV in 20-mV increments and repolarized to 60 mV; I~tail~(t) was recorded between −60 and 60 mV in 20-mV increments after pulse activation of −120 mV. (D) G~norm~(V~m~) curves obtained from cells bathed in solutions containing 140 mM of permeant anions Cl^−^, SCN^−^, Br^−^, or I^−^. V~0.5~ and z values yielded by data fits to a Boltzmann equation (continuous lines) are Cl^−^ (squares), −79.9 ± 6.6 mV and −0.94 ± 0.01 (*n* = 28); SCN^−^ (circles), −111.3 ± 3.8 mV and −1.05 ± 0.06 (*n* = 5); Br^−^ (upright triangles), −94.3 ± 8.2 mV and −0.98 ± 0.02 (*n* = 5); I^−^ (inverted triangles), −103 ± 2.3 mV and −0.92 ± 0.01 (*n* = 5). \[Cl^−^\]~i~ = 140 mM, and pH~e~ = pH~i~ 7.3. (E) G~norm~(V~m~) curves obtained from cells dialyzed with solutions containing permeant anions Cl^−^, SCN^−^, Br^−^, or I^−^. Data were fitted as described for B, yielding the following V~0.5~ and z values: Cl^−^ (squares), −79.9 ± 6.6 mV and −0.94 ± 0.01 (*n* = 28); SCN^−^ (circles), −59.8 ± 4.1 mV and −0.70 ± 0.03 (*n* = 6); Br^−^ (upright triangles), −78 ± 2 mV and −0.58 ± 0.05 (*n* = 12); I^−^ (inverted triangles), −99.4 ± 7.0 mV and −0.68 ± 0.01 (*n* = 4). \[Cl^−^\]~e~ = 140 mM, and pH~e~ = pH~i~ 7.3. (F) V~0.5~ versus P~X~/P~Cl~ relationship in V~m~-dependent activation of CLC-2 in the presence of extracellular and intracellular permeant anions (black and reddish purple symbols, respectively). Continuous line is regression line. Error bars represent mean ± SEM.](JGP_201511424_Fig1){#fig1}

###### 

Anion selectivity sequence of CLC-2-based on reversal potentials

  Anion              Extracellular                                                                                           Intracellular                                                                                                                              
  ------------------ ------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------ ----- --------------- ------------- -----
                     ΔVr                                                                                                     P~x~/P~Cl~                                                                                             *n*   Vr              P~x~/P~Cl~    *n*
                     *mV*                                                                                                                                                                                                                 *mV*                          
  Cl^−^              0                                                                                                       1                                                                                                      28    −5.4 ± 0.9      1             28
  SCN^−^             −11.4 ± 3.6                                                                                             1.62 ± 0.22                                                                                            5     15 ± 0.84       1.84 ± 0.06   6
  Br^−^              5.0 ± 0.71                                                                                              0.82 ± 0.02                                                                                            5     0.5 ± 2.0       1.05 ± 0.08   12
  I^−^               37.6 ± 1.7                                                                                              0.23 ± 0.01                                                                                            5     −20.5 ± 2.4     0.46 ± 0.04   4
  F^−^               36.00 ± 0.63                                                                                            0.00 ± 0.01                                                                                            5     −34.65 ± 1.97   0.01 ± 0.02   5
  Glu^−^             34.53 ± 1.19                                                                                            0.01 ± 0.01                                                                                            5     −32.80 ± 0.17   0.03 ± 0.00   4
  Methanesulfonate   31.17 ± 1.11                                                                                            0.06 ± 0.01                                                                                            5     −31.10 ± 1.16   0.06 ± 0.02   6
  Gluconate          30.55 ± 0.36                                                                                            0.06 ± 0.01                                                                                            4     −32.05 ± 1.42   0.05 ± 0.02   6
  Ace^−^             33.11 ± 0.92                                                                                            0.03 ± 0.01                                                                                            4     −32.40 ± 0.77   0.04 ± 0.01   6
  SO~4~^2−^          35.89 ± 0.59                                                                                            0.00 ± 0.00                                                                                            3     −36.06 ± 1.02   0.00 ± 0.01   6
                     SCN^−^ \> Cl^−^ \> Br^−^ \> I^−^ \> methanesulfonate = gluconate ≥ Ace^−^ = Glu^−^ = F^−^ = SO~4~^2−^   SCN^−^ \> Br^−^ = Cl^−^ \> I^−^ \> methanesulfonate = gluconate = Ace^−^ = Glu^−^ = F^−^ ≥ SO~4~^2−^                                       

Reversal potentials in the presence of poorly permeant anions were determined in solutions containing 25% Cl^−^ plus 75% of targeted poorly permeant anion.

Poorly permeant anions support voltage gating
---------------------------------------------

Previously, we showed that V~0.5~ decreases with increasing anion permeability ([Fig. 1 F](#fig1){ref-type="fig"}). This result agrees with our hypothesis that pore occupancy by intracellular anions is sufficient to activate CLC-2 ([@bib39]). We speculate that under our experimental conditions, hyperpolarizing voltages, which drive the permeant anions into each pore, facilitate channel activation. In this scenario, an anion moving toward the extracellular side pushes the glutamate gate by steric and electrostatic repulsion. What about poorly permeant anions? Although there is limited structural information on how poorly permeant anions (such as F^−^, Glu, gluconate, methanesulfonate, and acetate) can occupy the pore of CLC channels, x-ray data show that Glu can occupy the anion pathway of the E148A mutant CLC Cl^−^/H^+^ exchanger and support valinomycin-induced H^+^ transfer. Gluconate could also occupy the pore because it can induce H^+^ transfer in the E148A mutant CLC Cl^−^/H^+^ exchanger ([@bib15]). However, in the presence of Glu or gluconate, the WT CLC Cl^−^/H^+^ exchanger does not function ([@bib15]). F^−^ can also occupy the anion pathways of both WT and E148A mutant CLC Cl^−^/H^+^ exchangers ([@bib23]), but this poorly permeant anion hinders exchanger activity. These data suggest that poorly permeant anions Glu, gluconate, and F^−^ could occupy the pores of CLC proteins including the CLC-2 pore, which is 86% similar to the anion pathway of the CLC Cl^−^/H^+^ exchanger ([@bib30]). Thus, we asked, can the mere presence of poorly permeant anions in the pore unlock the channel's conductive path? To answer our question, we recorded the whole-cell I~Cl~(t) variations in cells dialyzed with solutions (pH 7.3) containing acetate, methanesulfonate, gluconate, Glu, F^−^, or SO~4~^2−^ (all at 140 mM) in the absence of Cl^−^. The extracellular solution contained 140 mM Cl^−^ (pH 7.3). V~m~ was stepped from 40 to −200 mV, and the cells were stimulated for 40 ms at each step. This procedure was followed by repolarization to 80 mV. We reasoned that under these ionic conditions, hyperpolarization would produce no negative current because the anions were poorly permeant; however, if the CLC-2 was opened during the hyperpolarization, repolarization to 80 mV would generate a positive current. Furthermore, if the positive current is generated by influx of external Cl^−^ anions, it should be absent when Cl^−^ is replaced by a poorly permeant anion. [Fig. 2](#fig2){ref-type="fig"} presents the whole-cell currents recorded from six different cells bathed in 140 mM Cl^−^ and dialyzed with solutions containing Cl^−^ (A), Glu (B), methanesulfonate or F^−^ (C), acetate (E), and SO~4~^2−^ (F). As expected, the cells dialyzed with Glu, methanesulfonate, acetate, or SO~4~^2−^ are hyperpolarized and exhibit no negative currents. Surprisingly, large positive tail currents were readily recorded at 80 mV in cells dialyzed with Glu (B) and methanesulfonate or F^−^ (C), but not in cells dialyzed with acetate (E) or SO~4~^2−^ (F). With intracellular F^−^, we observed more "leak" current than with the other anions. The tail current vanishes when the external Cl^−^ is replaced with Glu ([Fig. 2 B](#fig2){ref-type="fig"}, inset), confirming its generation by Cl^−^ influx. Thus, our data indicate that the gate opens during hyperpolarization while the poorly permeant anions Glu, methanesulfonate, or F^−^ reside at the intracellular side. The tail currents observed in cells dialyzed with Glu and hyperpolarized to −160 mV display bi-exponential time courses with time constants of 1.52 ± 0.06 ms and 11.87 ± 0.66 ms (*n* = 6). Similar time constants were obtained at −180 and −200 mV. CLC-2 was also activated in cells dialyzed with gluconate (not depicted). [Fig. 2 D](#fig2){ref-type="fig"} summarizes the V~m~-dependent activation in cells dialyzed with Cl^−^, Glu, methanesulfonate, F^−^, and gluconate. In the presence of poorly permeant anions, the channel began opening at approximately −60 to −80 mV, whereas in the presence of Cl^−^, opening started at 0 mV. Furthermore, no saturation was achieved in glutamate, gluconate, or methanesulfonate at the most negative tested voltage (−200 mV). The estimated V~0.5~ values under different ionic conditions, determined by fitting the activation curves to a Boltzmann function, were (mV) −80 (Cl^−^), −181 (Glu), −178 (methanesulfonate), −146 (F^−^), and −189 (gluconate). These values indicate that opening the gate in the presence of poorly permeant anions is more difficult than in the presence of Cl^−^. If these anions and Cl^−^ travel similar electrical distances from the intracellular side to the glutamate gate, the slopes of their voltage activation curves should be similar. Supporting this assumption, the activation curves are nearly superimposed ([Fig. 2 D](#fig2){ref-type="fig"}, inset). From these activation curves, the products of the apparent charges and electrical distances were calculated to be −0.9 (Cl^−^), −1.4 (Glu), −1.2 (methanesulfonate), −0.96 (F^−^), and −1.2 (gluconate). We emphasize that these values are rough estimates because the G~norm~ versus V~m~ curves fail to saturate at the most negative V~m~ (−200 mV) in the presence of glutamate, gluconate, or methanesulfonate. No negative or positive current was recorded in cells dialyzed with acetate or SO~4~^2−^ ([Fig. 2, E and F](#fig2){ref-type="fig"}), indicating that CLC-2 was not activated with these ions.

![Voltage-dependent activation of CLC-2 in the presence of intracellular, poorly permeant anions. (A--C and E and F) Whole-cell currents recorded from five cells dialyzed with solutions containing 140 mM Cl^−^ (A), 140 mM Glu (B), 140 mM methanesulfonate or 140 mM F^−^ (C), 140 mM acetate (E), and 140 mM sulfate (F). Cells were bathed in solution containing 140 mM Cl^−^ (pH~e~ = pH~i~ 7.3). B (inset) plots data obtained from the same cell dialyzed with internal solution containing 140 mM Cl^−^ and sequentially bathed in 140 mM Cl^−^ (reddish purple) and 140 mM Glu (black). I~Cl~(t) was recorded between −200 and 40 mV in 20-mV increments, and I~tail~(t) was recorded at 80 mV. (D) G~norm~(V~m~) curves obtained from cells dialyzed with solutions containing poorly permeant anions F^−^, Glu, gluconate (Gluc), and methanesulfonate (MeSO~3~^−^). Continuous lines are fits to Boltzmann equation, yielding the following V~0.5~ and z values: Cl^−^ (black squares), 79.9 ± 6.6 mV and −0.94 ± 0.01 (*n* = 28); F^−^ (vermilion triangles), −146.4 ± 3.3 mV and −0.96 ± 0.08 (*n* = 5); Glu (reddish purple triangles), −180.7 ± 2.3 mV and −1.32 ± 0.02 (*n* = 6); gluconate (sky blue circles), −189.6 ± 2.8 mV and −1.17 ± 0.05 (*n* = 8); methanesulfonate (blue triangles), −177.7 ± 3.6 mV and −1.16 ± 0.03 (*n* = 8). (Inset) Superposition of voltage--activation curves after subtracting corresponding V~0.5~ values (listed above) under each ionic condition. Error bars represent mean ± SEM.](JGP_201511424_Fig2){#fig2}

The observed current in the presence of poorly permeant anions implies that these anions can occupy the CLC-2 pore and open the glutamate gate. Accordingly, we presume that acetate and SO~4~^2−^ cannot open the gate, either because they do not enter the pore or because they bind tightly to a site far from the gate. To partially test this idea, we prepared internal solutions containing chloride (60 mM Cl^−^) or the following mixtures: 60 mM Cl^−^ plus 80 mM Glu, 60 mM Cl^−^ plus 80 mM acetate, 60 mM Cl^−^ plus 140 mM acetate, or 60 mM Cl^−^ plus 80 mM SO~4~^2−^. We then recorded the whole-cell currents. As before, the external solution contained 140 mM Cl^−^. [Fig. 3](#fig3){ref-type="fig"} presents the currents recorded in three cells under different dialysis conditions: 60 mM Cl^−^ (A), 60 mM Cl^−^ plus 80 mM SO~4~^2−^ (B), and 60 mM Cl^−^ plus 80 mM glutamate (C). Remarkably, the I~Cl~(t) kinetics are identical in each cell. [Fig. 3 D](#fig3){ref-type="fig"} shows scaled I~Cl~(t) traces from cells dialyzed in Cl^−^ (black), Cl^−^ plus SO^2−^~4~ (bluish green), or Cl^−^ plus glutamate (reddish purple). Note that dialysis in Cl^−^ plus glutamate reduces the tail current amplitude. [Fig. 3 E](#fig3){ref-type="fig"} summarizes the CLC-2 activation curves obtained in 60 mM Cl^−^ (black), 60 mM Cl^−^ plus 80 mM SO~4~^2−^ (bluish green), and 60 mM Cl^−^ plus 80 mM Glu (reddish purple). In this case, the V~m~-dependent activation in the presence of intracellular Cl^−^ plus SO~4~^2−^ is identical to that obtained in the presence of Cl^−^ alone, suggesting that SO~4~^2−^ does not bind in the pore and that Cl^−^ alone opens the gate. In contrast, in the presence of Cl^−^ plus glutamate, the activation is shifted by −13.5 mV relative to the Cl^−^-only activation curve. This result indicates that Glu also occupies the pore and, together with Cl^−^, alters the V~m~ dependence of the channel. Unexpectedly, Cl^−^ plus acetate also altered the CLC-2 activation. [Fig. 4 A](#fig4){ref-type="fig"} shows a family of I~Cl~(t) curves obtained from a cell dialyzed with 60 mM Cl^−^ plus 80 mM acetate (pH~i~ 7.3). The green triangles in [Fig. 4 D](#fig4){ref-type="fig"} indicate the resulting activation curve. Relative to the activation curve obtained in Cl^−^ alone (continuous black line, from [Fig. 3 E](#fig3){ref-type="fig"}), the Cl^−^ plus acetate mixture activation curve is shifted by nearly 60 mV. This result suggests that Cl^−^ and acetate both occupy the pore and that multi-ion occupancy facilitates pore opening. To test the idea that shifting the activation curve requires both Cl^−^ and acetate, we repeated the experiment at pH~i~ 4.2. Under this condition, and considering the pK of acetic acid (4.76), the fraction of free acetate anions decreases to 0.2. Therefore, the activation curve should be almost superimposed on that obtained with Cl^−^ alone. B and C of [Fig. 4](#fig4){ref-type="fig"} plot the I~Cl~(t) traces obtained from cells dialyzed with 60 mM Cl^−^ (pH~i~ 4.2) and 60 mM Cl^−^ plus 80 mM acetate (pH~i~ 4.2), respectively. The currents display noisy behavior with similar kinetics. Indeed, at pH~i~ 4.2, the activation curves are identical in cells dialyzed with Cl^−^ and with Cl^−^ plus acetate (compare reddish purple and blue circles in [Fig. 4 D](#fig4){ref-type="fig"}). Surprisingly, at pH~i~ 7.3, the same curves were obtained in 60 mM of intracellular Cl^−^, indicating that CLC-2 gating is insensitive to pH~i~ ([@bib39]). Collectively, our data show that poorly permeant anions such as Glu, F^−^, methanesulfonate, and gluconate can open the channel without passing through the pore, whereas acetate and SO^2−^~4~ alone cannot interact with the pore.

![Voltage-dependent activation was altered by chloride plus glutamate but not by chloride plus sulfate mixtures. Whole-cell recordings from cells bathed in solution containing \[Cl^−^\]~e~ = 140 mM (pH~e~ = pH~i~ 7.3) and dialyzed with 60 mM \[Cl^−^\]~i~ (A), 60 mM \[Cl^−^\]~i~ plus 80 mM \[SO^2−^~4~\]~i~ (B), and 60 mM \[Cl^−^\]~i~ plus 80 mM \[Glu\]~i~ (C). (D) Comparison of scaled I~Cl~(t) recorded at −140 mV in the presence of Cl^−^ (black), Cl^−^ plus SO^2−^~4~ (bluish green), and Cl^−^ plus Glu (reddish purple). (E) V~m~ dependence of activation obtained from cells dialyzed with 60 mM Cl^−^ (black diamonds), 60 mM Cl^−^ plus 80 mM SO^2−^~4~ (bluish green triangles), and 60 mM Cl^−^ plus 80 mM Glu (reddish purple triangles). Continuous lines are Boltzmann fits yielding the following V~0.5~ and z values: black diamonds, −116.4 ± 2.0 mV and −0.84 ± 0.01 (*n* = 7); bluish green triangles, −112.5 ± 1.3 mV and −0.91 ± 0.04 (*n* = 7); reddish purple triangles, −129.9 ± 1.6 mV and −0.78 ± 0.03 (*n* = 5). Error bars represent mean ± SEM.](JGP_201511424_Fig3){#fig3}

![Voltage-dependent activation was altered by chloride plus acetate in a pH~i~-dependent manner. (A--C) Whole-cell recordings from cells bathed in solution containing \[Cl^−^\]~e~ = 140 mM and pH~e~ 7.3 and dialyzed with 60 mM \[Cl^−^\]~i~ plus 80 mM \[Ace\]~i~ with pH~i~ 7.3 (A), 60 mM \[Cl^−^\]~i~ with pH~i~ 4.2 (B), and 60 mM \[Cl^−^\]~i~ plus 80 mM \[Ace\]~i~ with pH~i~ 4.2 (C). (D) V~m~ dependence of activation obtained from cells dialyzed with: bluish green triangles, 60 mM Cl^−^ plus 80 mM acetate, pH~i~ 7.3; blue circles, 60 mM Cl^−^ plus 80 mM acetate, pH~i~ 4.2; reddish purple circles, 60 mM Cl^−^, pH~i~ 4.2. Continuous black line is corresponding voltage activation curve obtained from cells dialyzed with 60 mM Cl^−^, pH~i~ 7.3, shown in [Fig. 3 E](#fig3){ref-type="fig"}. In all cases, \[Cl^−^\]~e~ = 140 mM and pH~e~ 7.3. Continuous lines are Boltzmann fits yielding the following V~0.5~ and z values: bluish green triangles, −61.8 ± 1.3 mV and −0.86 ± 0.04 (*n* = 6); blue circles, −112.4 ± 4.1 mV and −0.83 ± 0.05 (*n* = 5); reddish purple circles, −121.3 ± 1.6 mV and −0.80 ± 0.04 (*n* = 8). Error bars represent mean ± SEM.](JGP_201511424_Fig4){#fig4}

Gate protonation is not crucial for CLC-2 activation
----------------------------------------------------

One postulated mechanism of voltage gating in CLC-2 is V~m~-dependent protonation of the glutamate gate ([@bib29]). To assess the role of protonation in CLC-2 gating, we performed whole-cell recordings in cells exposed to external solutions at various pH. Here, we ranged the pH~e~ from 6.5 to 10, in which G~Norm~ decreases from its maximum to its minimum, corresponding to the maximum and minimum probability of glutamate gate protonation, respectively ([@bib29]; [@bib40]). Because acetate alone does not open CLC-2 channels, intracellular acetate should induce gating only if the pH~e~ is acidic because the channel is more likely to be protonated. Gating would indicate that the protopore gate opens when protonated, without requiring anions. However, as shown in [Fig. 5 A](#fig5){ref-type="fig"}, CLC-2 was not activated by hyperpolarization at pH~e~ 7.3 (black) and 6.5 (bluish green). The internal solution contained 140 mM acetate and its pH~i~ was 6.5. In the presence of intracellular 75% Cl^−^ plus 25% SCN and 140 mM Cl^−^ in the extracellular bath ([Fig. 5 B](#fig5){ref-type="fig"}), the CLC-2 was activated under low pronation probability conditions (pH~e~ = pH~i~ 10). Here, the \[H^+^\]~e~ of the cellular environment decreases from 10^−7.3^ M (black) to 10^−10^ M (sky blue). Although this \[H^+^\]~e~ change does not eliminate I~Cl~(t), I~Cl~(t) does decrease to ∼15% of the control value. These results were contrary to our expectations, possibly because V~m~-dependent protonation of the glutamate gate in cells dialyzed with acetate was not taking place at pH~e~ 6.5. Therefore, we further decreased the external pH to 5.5. However, at this pH, the activity of WT CLC-2 almost vanishes because residue H538 becomes protonated ([@bib29]). To circumvent this problem, we investigated H538F mutant channels. [Fig. 5 C](#fig5){ref-type="fig"} plots the I~Cl~(t) at −120 mV recorded from a cell that was sequentially exposed to pH 7.3 (black) and pH 5.5 (reddish purple). In the H538F mutant, the currents are larger at pH~e~ 5.5 than at pH~e~ 7.3, although the closing rate is slower at pH 5.5. This later result agrees with our previous observation ([@bib40]). The average time constants of the I~tail~ decay are 5.5 ± 0.2 ms and 4.5 ± 0.2 ms at pH 5.5 and 7.3, respectively, indicating stabilized open states at low extracellular pH. As shown in [Fig. 5 D](#fig5){ref-type="fig"}, decreasing the external pH increases the magnitude of the apparent open probability by ∼1.7 times. The V~0.5~ and z values obtained from the activation curves are −138 mV and −0.7, respectively, at pH 7.3 and −98 mV and −0.7, respectively, at pH 5.5. Thus, mutating residue H538 abolished the inhibitory effect at pH 5.5, allowing for almost full channel activation. These data are identical to the findings of [@bib29]. If the mutant channels are open after protonation of the glutamate gate, they must be activated at pH~e~ 5.5, even when poorly permeant anions and Cl^−^ are present in the intracellular and external solutions, respectively. Thus, we recorded the I~Cl~(t) in cells dialyzed with 140 mM acetate. [Fig. 5 E](#fig5){ref-type="fig"} plots the results at pH~e~ 7.3 (black) and pH~e~ 5.5 (reddish purple). No currents are evident at either pH, indicating that the H538F mutant cannot be gated in the presence of intracellular acetate even if the glutamate gate is protonated. In contrast, the H538F mutant was activated in Glu-containing internal solution (pH~i~ 7.3) and Cl^−^-containing (140 mM) external solution at pH 7.3 ([Fig. 5 F](#fig5){ref-type="fig"}). Under these conditions, the mutant behaves identically to the WT channel. Collectively, our results demonstrate that conditions favoring protonation of the CLC-2 glutamate gate are insufficient to open the channel but that hyperpolarization can gate the channel under unfavorable protonation conditions.

![Voltage activation of WT and H538F mutant CLC-2 channels does not occur with intracellular acetate and acidic external pH. (A) Representative whole-cell recordings at −120 mV from a single cell expressing WT CLC-2. The cell was dialyzed with internal solution containing 140 mM acetate, pH~i~ 6.5, and bathed in solution containing 140 mM Cl^−^. The external pH was 7.3 (black) or 6.5 (bluish green). *n* = 5 samples. (B) Representative traces showing activation of CLC-2 in cells dialyzed with 75% Cl^−^ and 25% SCN^−^, pH~i~ 10. Cells were hyperpolarized to −120 mV in recording solution with pH~e~ 7.3 (black); pH~e~ was thereafter increased to 10 (sky blue). *n* = 4 samples. (C) I~Cl~(t) recorded at −120 mV from an HEK-293 cell expressing mutant H538F channels. The cell was sequentially exposed to external solutions of pH 7.3 (black) and pH 5.5 (reddish purple). \[Cl^−^\]~i~ = \[Cl^−^\]~e~ = 140 mM. Average time constants of tail current decay at pH 5.5 and 7.3 are 4.6 ± 0.2 ms and 3.7 ± 0.3 ms, respectively (*n* = 5). (D) V~m~-dependent activation curves in H538F mutant channels recorded at pH 7.3 (black) and pH 5.5 (reddish purple). Continuous lines are Boltzmann fits yielding the following V~0.5~ and z values: −138.2 ± 4.0 mV and −0.75 ± 0.02 (pH~e~ 7.3); −98.0 ± 8.0 mV and −0.75 ± 0.02 (pH~e~ 5.5; *n* = 5). (E) I~Cl~(t) recorded at −120 mV from a cell expressing mutant H538F channels and sequentially exposed to external solutions of pH 7.3 (black) and pH 5.5 (reddish purple). Cell was dialyzed with 140 mM acetate, pH~i~ 7.3, and bathed in solution containing 140 mM Cl^−^ at pH~e~ 7.3 or 5.5 (*n* = 6). (F) Activation of H538F channels in cells dialyzed with 140 mM \[Glu\]~i~ and bathed in 140 mM \[Cl\]~e~. pH~i~ = pH~e~ 7.3 (*n* = 3). Error bars represent mean ± SEM.](JGP_201511424R_Fig5){#fig5}

Gating of CLC-2 requires intracellular Cl^−^
--------------------------------------------

According to our hypothesis, the relevant intracellular physiological anion Cl^−^ should gate CLC-2. To ensure that increasing \[Cl^−^\]~i~ is sufficient to open the channels, we applied solutions containing different \[Cl^−^\] to inside-out patches. The extracellular side of each patch was exposed to a solution containing 140 mM Cl^−^ at pH 10.0 (patches exposed to higher pH solutions did not survive). Because the currents in the patches excised from HEK cells were below the recording limit, we switched to *Xenopus* oocytes expressing a rat CLC-2 clone lacking residues 13--36 ([@bib18]). To improve patch survival, we set the pH~i~ to 7.3. Previously, we reported that changing the pH~i~ from 4 to 9 exerts no effect on CLC-2 activation ([@bib40]; see also [Fig. 4 D](#fig4){ref-type="fig"}). [Fig. 6 A](#fig6){ref-type="fig"} plots representative recordings from an excised patch sequentially exposed to intracellular Cl^−^ concentrations of 16.3 mM (black) and 140 mM (bluish green). At low intracellular \[Cl^−^\], negligible or no current is apparent between −200 and 40 mV. However, after increasing \[Cl^−^\]~i~ to 140 mM, the currents are inwardly rectifying, indicating that intracellular Cl^−^ is indeed required for V~m~ gating. At negative V~m~, the currents exhibit slow activation and tail currents, as observed in whole-cell recordings of HEK cells expressing mouse CLC-2 ([@bib40]). Such responses were absent in patches excised from un-injected oocytes (not depicted). The macroscopic current amplitudes at \[Cl^−^\]~i~s ranging from 16.3 to 500 mM (pH~e~ 10) were converted to conductance values, which were then normalized by the conductance measured at \[Cl^−^\]~i~ = 500 mM. As shown in [Fig. 6 B](#fig6){ref-type="fig"}, the normalized conductance at −170 mV increases with increasing intracellular Cl^−^, as expected for a ligand binding--dependent phenomenon. We conclude that V~m~ gating requires internal Cl^−^ and occurs under unfavorable gate protonation conditions.

![Activation of CLC-2 by hyperpolarization in excised patches exposed to increasing \[Cl^−^\]~i~ at extracellular pH 10. (A) Macroscopic I~Cl~(t) recorded from an inside-out patch excised from an oocyte expressing rCLC-2-Δ13-36. The intracellular side of the patch was exposed first to 16.3 mM \[Cl^−^\]~i~ (black) and then to 140 mM (bluish green). \[Cl^−^\]~e~ was 140 mM, and pH~e~ and pH~i~ were set to 10 and 7.3, respectively. (B) \[Cl^−^\]~i~ dependence of CLC-2 activation. I~Cl~(t) was measured at −170 mV in solution with pH~e~ 10 and converted to macroscopic conductance (G). At each \[Cl^−^\]~i~, G is normalized by G obtained in 500 mM \[Cl^−^\]~i~ (*n* = 5). Error bars represent mean ± SEM.](JGP_201511424_Fig6){#fig6}

DISCUSSION
==========

In this paper, we demonstrated that pore occupancy is responsible for V~m~-dependent gating in the CLC-2 channel. To this end, we exposed cells to highly permeant (Cl^−^, Br^−^, I^−^, and SCN^−^) and poorly permeant anions (acetate, F^−^, Glu, gluconate, methanesulfonate, and SO~4~^2−^). V~m~ gating occurred in cells dialyzed with highly permeant anions and with the poorly permeant anions F^−^, Glu, gluconate, and methanesulfonate, but was absent in cells dialyzed with acetate or SO~4~^2−^, even when the external pH was lowered to 5.5, thereby promoting protonation of the glutamate gate. In contrast, V~m~-dependent gating occurred at high \[Cl^−^\]~i~ and an extracellular pH~e~ of 10, at which gate protonation is unlikely.

Mechanism of gating by pore occupancy
-------------------------------------

To explain V~m~ activation by pore occupation, we proposed a model that is focused on the effect of intracellular anions on CLC-2 gating, ignoring the effect of external H^+^. Protonation is dispensable because it merely stabilizes the open state once the glutamate gate has opened ([@bib40]). Our proposed mechanism, in which pore occupancy by permeant and some nonpermeant anions opens the glutamate gate, is illustrated in [Scheme 1](#sc1){ref-type="disp-formula"}. The mechanism proceeds as follows. At positive V~m~, the pore remains empty and the glutamate gate (reddish purple) is bound to the pore in the closed conformation C. At negative V~m~, the intracellular anions (bluish green circles) are pushed into the pore (C~Cl~ conformation). Once inside the pore, the intracellular anions undergo Coulombic interactions with the glutamate gate, initiating gate movement. This mechanism might explain the V~m~-dependent gating phenomenon in CLC-2. Under physiological conditions, intracellular Cl^−^ anions will occupy the pore and open the gate. Once the gate is open (O~Cl~ conformation), the anions may or may not go through. If the intracellular test anion is allowed to exit through the CLC-2 pore, hyperpolarization followed by positive repolarization will generate negative and positive currents, respectively, provided that Cl^−^ is present in the bath solution. This scenario is consistent with our experiments, in which \[Cl^−^\]~i~ increased and activated CLC-2 in inside-out patches. In contrast, if the test anion can occupy the pore from the intracellular side but is forbidden from exiting through the pore, the hyperpolarization produces no current. However, if extracellular Cl^−^ is present in the bath solution, positive repolarization produces a positive current (tail current) only when the gate is opened during hyperpolarization. This situation was experimentally verified in the presence of intracellular F^−^, Glu, gluconate, and methanesulfonate. Finally, the channel returns to its initial condition when the glutamate gate reverts to the closed conformation under positive V~m~. In this mechanism, regardless of their permeability ratios, anions must occupy the pore; otherwise, they cannot interact with the glutamate gate and open the channel. Highly permeable anions (Cl^−^, Br^−^, SCN^−^, and I^−^) can open the channel because they can enter the pore and pass through the entire permeation pathway. The data showing V~m~-dependent activation of CLC-2 in excised patches exposed to increasing intracellular Cl^−^ while the external pH was set to 10 agrees with this idea. However, poorly permeant anions (F^−^, Glu, gluconate, and methanesulfonate) are clearly prohibited from exiting the pore. Thus, if pore occupancy is the underlying gating mechanism, these anions must occupy the pore to initiate V~m~ gating. Supporting this hypothesis, our data comparing the voltage-dependent activation in the presence of intracellular Cl^−^ alone, SO~4~^2−^ alone, or intracellular Cl^−^ plus SO~4~^2−^ imply that SO~4~^2−^ cannot occupy the pore because SO~4~^2−^ has low permeability, no V~m~ gating was observed with this anion alone, and the V~m~-dependent gating was identical in cells dialyzed with 60 mM Cl^−^ and 60 mM Cl^−^ plus 80 mM SO~4~^2−^. Also F^−^ occupies the anion pathway in the CLC Cl^−^/H^+^ exchanger ([@bib23]). Furthermore, Glu, and presumably also gluconate, occupies the E148A CLC Cl^−^/H^+^ exchanger anion pathway ([@bib15]). Finally, our data indicate that F^−^, Glu, gluconate, and methanesulfonate sensed the same electrical field. This result is expected if all anions interact with a gate located at a fixed distance. Thus, anions excluded from the pore such as SO~4~^2−^ cannot participate in gating. In contrast, F^−^, Glu, and gluconate, and possibly methanesulfonate, occupy the CLC-2 pore despite their low permeability and participate in gating. Although permeation is not necessary for gating, pore occupation must be V~m~ dependent. Such a constraint accounts for the voltage gating induced in the presence of poorly permeant anions.

Multi-ion occupancy of the pore is important for voltage gating in CLC-2
------------------------------------------------------------------------

Previously, we investigated Cl^−^/SCN^−^ mixtures in the intracellular solution and reported that multi-ion occupancy is important for V~m~-dependent gating in CLC-2 ([@bib39]). In the present experiments, mixed Cl^−^ plus Glu shifted the activation curve to values more negative than those obtained in the presence of Cl^−^ alone. Conversely, in cells dialyzed with acetate plus Cl^−^ at pH~i~ 7.3, the activation curve shifted to the right, as though the channel had become more sensitive to voltage. These two independent datasets support the importance of multi-ion occupancy in CLC-2 gating; both anions must reside in the pore to alter activation. This conclusion was verified by reducing the pH~i~ from 7.3 to 4.2, at which the free acetate is drastically reduced. Under this condition, the changes observed in activation in the presence of Cl^−^ plus acetate at pH~i~ 7.3 were lost. Therefore, at pH~i~ 7.3, the pore is occupied by both acetate and Cl^−^, whereas at pH~i~ 4.2, it is occupied by Cl^−^ alone. The pore occupation by acetate and Cl^−^ at pH~i~ 7.3 is puzzling, as gating was absent in cells dialyzed with acetate alone at this pH~i~. We surmise that acetate occupies a site far from the gate and close to the intracellular side but is pushed further into the pore by outflowing Cl^−^ ions. In this manner, multi-ion occupancy could induce changes in activation.

Pore occupancy as a V~m~-gating mechanism in other CLC Cl^−^ channels
---------------------------------------------------------------------

Our data agree with a previous report in which the binding of two Cl^−^ ions into the permeation pathway of the CLC Cl^−^/H^+^ exchanger proved necessary for protonation of the E148 gate ([@bib32]). That report raised the interesting proposition that pore occupancy could precede protonation in CLC proteins. However, we suspect that pore occupancy cannot be a universal gating mechanism for CLC channels, because CLC-2 fundamentally differs from CLC-0 and CLC-1. For example, intracellular protons are vital for voltage gating in CLC-0 and CLC-1, whereas voltage gating in CLC-2 requires intracellular anions. CLC-0 gating involves the transmembrane movement of protons, and its open probability is modulated by increments in \[H^+^\]~i~ ([@bib24]; [@bib47]). Cl^−^ might allosterically control the protonation in CLC-0 and CLC-1 ([@bib9]; [@bib25]), whereas it is directly responsible for V~m~ gating of CLC-2. Nevertheless, we must emphasize that gating in both CLC-0 and CLC-1 depends on the external and internal Cl^−^ ([@bib33]; [@bib36]) and can be altered by foreign anions. Extracellular foreign anions cause anomalous mole-fraction behavior of the conductance, permeability, and gating in CLC-0 and CLC-1 ([@bib33]; [@bib37], [@bib38]). In CLC-1, voltage gating occurs in the presence of both poorly permeant anions such as hydrophobic anions and "impermeant anions" such as glutamate, cyclamate, and methanesulfonate (with permeability ratios of 0.008, 0.007, and 0.008, respectively) ([@bib37], [@bib38]). When present, glutamate, cyclamate, and methanesulfonate shift the activation curve of CLC-1 by 70, 28, and −45 mV, respectively, relative to the activation curve in the presence of Cl^−^ alone ([@bib37]). In CLC-0, V~m~ gating is induced by the permeant anions Br^−^ and NO~3~^−^. Replacement of 92.3% of the external Cl^−^ with Glu produces a rightward shift in the reversal potential, accompanied by a rightward shift (approximately −10 mV) in the activation curve and a full closed-to-open transition in the −150 to 100--mV range without changing the slope ([@bib33]). Based on their effects on CLC-1 gating, [@bib37] categorized anions into three groups: poorly permeant anions that cannot open the channel, anions that open the channel but cannot permeate, and anions that both open and permeate the channel. The present anions tested on CLC-2 can be divided similarly but not identically; the poorly permeant anions affected the CLC channels differently. For example, CLC-1 V~m~ gating is deactivated by Glu and gluconate, but both anions activate CLC-2; conversely, both CLC-1 and CLC-2 channels are opened by V~m~ in the presence of methanesulfonate. Although [@bib37] could not determine whether methanesulfonate supports V~m~ gating in CLC-1, they concluded that permeation and gating are intrinsically linked. If so, then pore occupancy will also be important for CLC-1 V~m~ gating.

We suspect that pore occupation by permeant species is more important for channel gating than previously thought and deserves further scrutiny. For example, a gating process coupled to ion permeation has been proposed for the KcsA K channel, in which the selectivity filter may also be the gate ([@bib44]). Similar processes have been suggested for CFTR ([@bib45]), GCAC1 in guard cells ([@bib11]), the volume-sensitive Cl^−^ channel ([@bib20]), and the Ca^2+^-activated Cl^−^ channels TMEM16A and B ([@bib31]; [@bib46]; [@bib2]). To clarify the roles of permeant species in channel gating, we require additional structural and functional data coupled with computational modeling.

Protonation plays a minor role in dislodging the glutamate gate
---------------------------------------------------------------

We theorized that protonation of the glutamate gate plays a significant role in stabilizing the opened conformation ([@bib40]) but not in triggering channel activation. According to theoretical calculations and experimental results, the estimated pK at which buried Glu residues protonate varies between 2 and 8 ([@bib22]). However, the CLC Cl^−^/H^+^ exchanger reportedly activates at pKs between 4.6 and 6.2 ([@bib21]; [@bib32]; [@bib16]). Likewise, the CLC-0 and CLC-2 chloride channels are activated at pKs of ∼6 and 5.9, respectively ([@bib19]; [@bib29]). We anticipate that the pK of the glutamate gate in CLC-2 is below 7 and that its protonation does not initiate gating. Assuming a protonation pK of 6.5 and that the gate is located at 50% (δ = 0.5) within the electrical field, the probability of V~m~-dependent protonation can be calculated as:$$\frac{1}{1 + \frac{\text{K}}{\left\lbrack \text{H}^{+} \right\rbrack_{\text{site}}}} = \frac{1}{1 + \frac{\text{K}}{\left\lbrack \text{H}^{+} \right\rbrack_{0}{*\text{exp}}^{\frac{- \text{z}\partial\text{FVm}}{\text{RT}}}}},$$where \[H^+^\]~site~ is \[H^+^\] near the site. At −160 mV and \[H^+^\]~0~ of 10^−10^, 10^−7.3^, and 10^−5.5^ M (mimicking our experimental conditions), the protonation probability would be ∼0, 0.5, and 1, respectively. Therefore, if \[H^+^\]~0~ is maintained at 10^−10^ M, no current is expected under any ionic condition and at any membrane V~m~. However, in our experiments conducted at this \[H^+^\]~0~, CLC-2 was opened by hyperpolarizations in excised patches exposed to increasing intracellular Cl^−^. Conversely, if \[H^+^\]~0~ is 10^−7.3^, 10^−6.5^, or 10^−5.5^ M, the glutamate gate will be protonated and the channel should be opened by hyperpolarization, regardless of the intracellular anion present. However, we observed no positive current in the presence of intracellular acetate or sulfate after strong hyperpolarization. From these estimates, and previous demonstrations that the closing rate of the CLC-2 protopore gate decreases with increasing \[H^+^\]~e~ ([@bib40]), we propose that protonation most likely stabilizes the open conformation. In the E268A CLC-5 Cl^−^/H^+^ antiporter, transient capacitive currents are independent of both intracellular and extracellular H^+^ ([@bib47]), indicating that voltage gating occurs through a H^+^-independent mechanism. However, our data showing a lack of V~m~ gating in the presence of sulfate could be explained by an alternative mechanism. It has been shown that the glutamate gate in the CLC Cl^−^/H^+^ exchanger is unlikely to protonate in the absence of anions ([@bib32]). Therefore, protonation is prevented when the permeation pathway of CLC-2 is empty, which impedes gating. However, and by the same argument, it is feasible that under physiological conditions, intracellular Cl^−^ is needed first to open the pore and then protonate the gate. Thus, the protonation reaction will stabilize the open conformation.

In conclusion, we propose that voltage gating of the CLC-2 Cl^−^ channel is triggered by pore occupancy, leading to electrostatic interactions between the anions and the pore gate, and culminating in pore opening and ion conduction.
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